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SUl-lMARY 


Two-dimensional porous-wall cascade tests o? the NACA 65- ^ 12 A]^o) 10 
and NACA 65- (l 2 A 2 l 0 b ) 10 "blade sections were made at Mach numhers from 

0.3 to choking in most cases. Data were obtained at solidities of 1.0 
and 1.5 at inlet-air angles of 45 ® and 60 ° for both blade sections. With 
a solid-wall modification to the cascade tunnel, schlieren observations 
were made of the flow in cascade at a solidity of 1.5 and inlet-air angle 
of 45® and at a solidity of 1.0 and inlet -air angle of 60®. 

Test results for the NACA 65 -{l 2 Aio)lO blade section show that the 
turning angles measured at low speed do not change significantly as the 
speed increases until the critical t&ch number is exceeded. Because of 
increasing separation from the highly cambered trailing-edge region, 
the tiirning angles for the NACA 65- ^12A2l0^^ j 10 blade section decreased 

as much as 4 ° from low speed to critical speed. The high-speed nerform- 
ance of the NACA 65-(12A3 _q) 10 and the NACa" 65- (laAglg^jj 10 blade sections 

is largely determined by the passage area distribution. The ang le of 
attack for best operation at hl^ Ifech numbers is hl^er than the design 
angle of attack selected at low speed to have pressvue distributions 
that are free of peaks. 


INTRODUCTION 


Conventional compressors frequently have used the \mlformly loaded 
• NACA 65- (CjgA^o ) 10 Llade section for which low-speed cascade data are 
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available in reference 1. In order to obtain hi^ critical speeds^ the 
A2l8b niean line having most of the loading in the tr ailing-edge region 

vas devised and low-speed cascade tests of blade sections using this 
mean line are reported in reference 2. Rotor tests of the 

line at J^ch numbers up to 1.15 (ref- 5) were hi^ly successful. These 
■ 3 WO blade sections representing two significantly different types of 
loading were selected for the first high-speed tests in the porous -wall 
cascade where detailed examination of blade passage flows could be made 
to determine the marjier in which high subsonic speeds affect blade per- 
fomance and whether design information obtained in low-speed testing 
is satisfactorily correct at hi^ speeds. 

Two-dimensional porous-wall cascade tests of the NACA 65 - (12At_o) 10 
and the MCA 65 - (l2A2l5t))lO blade sections were made at Mach numbers 

from 0.50 to a high subsonic jf^ch number that frequently choked the 
cascade and produced blade-surface 2^ch numbers above 1.4. Cascade con- 
figurations were solidities of 1.0 and I. 5 , and inlet-air angles of 
both 45 ^ and 60° for both blade sections. With a solid-wall modifica- 
tion to the cascade, schlieren gbservatlons were made at several angles 
of attack for cascade configurations of solidity I.5 and inlet-air 
angle 45^ and solidity 1.0 and inlet-air angle 60 ^^. 


SYMBOLS 


A flow area 

c blade chord 

camber, expressed as design lift coefficient of isolated 
° airfoil 

CvT momentum-loss coefficient 

F‘c ratio of wake momentum loss to integrated total-pressure 

less in wake 

M Mach number 

p static pressure 

P total pressure 

q dynamic pressure, 
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Subscripts: 

1 

2 

cr 

I 


tangential spacing between blades 
pressure coefficient. — 

velocity 

wake width ^ 

angle of attack: angle between entering flow direction 

and chord 

air angle measured from perpendicular to blade row- 
wake blockage 
turning angle 
density 

solidity: chord-spacing ratio, c/s 

upstream of blade row, undisturbed stream 
downs tr earn of blade row 

critical, condition of first attaininent of sonic velocity 
on blade surface 

local, as on blade surface 

throat of blade passage 


APPARATUS Airo MEITHODS 
The Langley 7-Inch Hi^-Speed Cascade 

A schematic diagram of -the Langley 7-iuch hi^-speed cascade is ^ 
shown in figure 1. The flow enters the 40-inch-diameter upstream duct 
and settling chamber throu^ three 50 -mesh screens and is accelerated 
smoothly throu^ inlet fairings into a channel 7 “ 5/8 inches wide with 
a maximum height of 22 inches. Upper and lower inlet fairings are 
adjustable vertically to match the vertical height of the particular 
cascade under test. The upper and lower walls of the test section are 
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attached to and move with the inlet fairings. These walls end downstream 
in flexible fairings which are adjusted to simulate another blade sur- 
face. The lower flexible wall is made of porous material placed over a 
suction clnamber to prevent separation. The side walls carry the test- 
section walls, the blade row, instruments, and other equipment which 
remains fixed relative to the blade row. The side walls can be rotated 
for a 0^ to 66^ range of inleu flow angles relative to the cascade. The 
cascade is equipped with slots on all fo'ur walls which protrude 5/l6-inch 
into the channel and reduce its width to 7 inches Just ahead of the blade 
row. Suction chambers enclose the slot exteriors and are connected to 
a suction system for removal of the wall boundary layers. 

In order to meet the requirement of two-dimensional flow, which 
will be discussed in detail later, the cascade was equipped with porous, 
removable side-wall sections into which the blade row is affixed. The 
porous -wall sections are constructed of layers of rolled monel filter 
cloth backed with a perforated steel plate and have exterior chambers 
which also connect to the suction system. The porosity of these walls 
must be such that the amount of flo^A*’ through the surface is sufficient 
to remove the boundary layer for most of the test conditions, yet not 
so porous as to induce reclrcu2n,tion. The material selected was satis- 
factory for tests at most speeds. At the hi^er Mach numbers the flow 
through the test-section porous surfaces fell short of that required 
and the flo^^ was not two dimensional. Data are marked vdien flow removal 
was insufficient. For schlieren observations these porous test-section 
walls were replaced with solid walls having approximately 5- "by 
glass windows. 


Flow Surveys 

Three total-pressure rakes were installed for wall boundary- layer 
survey. The first was positioned ahead of the side wall slot; the 
second, behind; and the third, on the lover wall ahead of the slot. A 
wide range of slot-chamber pressures were investigated. A comparison of 
the wall boundary -layer profiles showed the most effective slot-chamber 
pressure was less than the test-section static pressure by about 20 per- 
cent of the test-section impact pressure P - p. 

The test section was surveyed upstream of a typical cascade set at 
an inlet-air angle of "bo determdne the uniformity of the flow 

under the usual operating conditions. Uniform upstream and downstream 
static pressure distributions were set by varying the upper and lower 
wall slot pressures and by varying the position of the flexible upper 
and lower wall ends. Then flow angle eund total pressure were mieasured 
at two positions, the first a quar uer-test-section height from the lower 
wall and the second a quarter-test-section hei^t from the upper wall. 
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Shown in figure 2 are the flow angles and total pressures measured ahead 
of the hlade row. There is a deviation of approximately 1° in the test- 
section flow. No correction has been applied to the data for this 
deviation. 

The temperature of the flow upstream was maintained at from I 50 ® 
to 160 ° F at high speeds to avoid any possible condensation effects. 

This temperature was sufficient even under hi^ly humid local conditions 
(for example, 90 ^ F and 70 -percent relative humidity) to reduce the 
relative humidity to 20 percent in the upstream duct without the use of 
air-drying equipment. According to reference 4, at 20-percent relative 
humidity the flow is essentially free of condensation for Mach numbers 
greater than the maximum entering Mach number of 1.0 obtained in these 
tests. 


Test Procedure 

For a typical cascade test the following quantities were measured: 

( 1 ) the total pressure in the upstream duct; ( 2 ) upstream static pres- 
sures measured by 10 or more orifices located one chord length upstream 
of the blade row (but downstream of the wall boundary-layer removal 
slot as shown in fig. 1 ); ( 5 ) downstream static pressures measTored by 
from 8 to 10 orifices approximately one-half chord length downstream 
of the blade row; (4) upper and lower blade-surface static pressures 
measured by 21 orifices located at midspan of the center blade; 

( 5 ) turning angle measured approximately one chord length downstream 
of the blades at midspan and behind the four centermost passage exits; 
and (6) the total pressijtre in the wake of the center blade at midspan 
which was measured by a 26 -tube rake. \Jhen measuring turning angles, 
care was taken to insure that the readings were not affected by the 
wake of the blades. For this purpose the two yaw tubes were very closely 
spaced and the total pressure tubes were mounted l/2 inch to each side. 
Turning angle was recorded only when full total pressure was present at 
the two outer tubes . 

The accuracy of the tvirning angle is dependent not only on the 
sxarvey instrument and its position behind the passage but also on the 
setting of the slot suction pressures, the porous-wall chamber pressures, 
and the flexible walls. The instrument is estimated to be accurate 
to to. 5^ s-nd turning angle is repeatable for any test to tl.o^. The 
tiorning angles presented are the measured angles and are not altered 
for change in axial velocity across the cascade. 

The necessity of porous -wall boundary-layer removal to produce 
cascade data which would be two dimensional and in agreement with blower 
data was established in reference 5 speeds. Two-dimensional 

flow (no spanwise convergence or divergence of the stream tubes) was 
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maintained in these high-speed tests whenever possible. In order to 
achieve this condition the wall boundary layers were removed to prevent 
any decrease in passage w'idth which would otherwise increase downstream 
velocity. As the boundary layers are removed from the blade-passage 
end walls, blade-row press-ure rise increases and the dovmstream velocity 
decreases. Thus, changes in porous-wall test chamber pressxures were 
used to adjust boundary -layer removal and hence prevent stream- tube con- 
vergence. To establish that two-dimensional flow was present, cascade 
turning angles were measured and used to calculate an ideal value of 
the do’-%mstream impact pressure - P 2 ^ for the particular upstream 

impact pressure The porous-wall chamber pressure was adjusted 

until the value of ^Pj^ - P 2 ^ was equal to the ideal value of (Pt_ - P 2 ^ 

plus a small excess proportional to the amount of wake blockage present. 

Changes in turning angle or the wake resulting from the new' flow condi- 
tions required readjustment of the amount of boundary layer removed - 

For some hi^.-angle-of-attack, high-pressure -rise cascade configu- 
ra“ions, attempts to establish the static-pressiare rise required for 
two-dimensional flow resulted in separation from the blade upper sur- 
faces, especially at the higher l^Sach numbers. Since no useful data can 
be obtained with the blade in a badly separated condition, the require- 
ment for -cwo-dlmenslonal flow was relaxed and the cascade did represent 
a passage that converged spanw'ise. In relaxing the two-dimensional 
requirement and hence the pressure rise, turning angles increase over y 

the tw-o-dimensional value. Examination of the data shows that for some 
conditions without sharply defined separation the effects of separation 
are still present regardless of w'hether the flow' is tw'o dimensional or 
not. 


For flow observations by the schlieren method, the requirement of 
two-dimensional flow w^as -waived. The resulting test-section pressure 
rise vras usually less -than that obtained with the porous-wall setup. 
This difference in pressure rise sometimes caused a change in flow 
separation on the blades which was evident in coiroarison of wake-loss 
coefficients - 


Reduction of Data 

A momentum- loss coefficient was calculated from -the measured total 
pressure loss by the method of reference 6 for calculating v/ake force. 
Momentum loss was calculated from the downstream conditions and is 
expressed in coefficient form based on the dynamic pressure upstream of 
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the cascade. Hence, 



where Fq (determined from ref. 6) is the ratio of the momentum-loss 

coefficient to the total pressure-loss coefficient for an assumed wake 
shape as a fimction of the maximum total pressvire loss and Mach numher. 

A calculated check of the two dimensionality of the flow was inade 
for all tests. Tests are considered two dimensional if the test pres- 
Po - Pi 

sure rise — = is greater than 90 percent of the ideal pressure 

“^l 

rise calculated from the entering Mach number, inlet-air angle, twning 
angle, and the wake blockage of the test. The wake blockage was calcu- 
lated for a number of assumed cosine-shaped wakes all having equal 
momentum loss but different widths and heights. It was found that the 
wake blockages for all practical purposes were equal except for wakes 
having velocities less than 0.6 of the free-stream velocity. Such a 
condition would correspond to a wake taken practically at the trailing 
edge of a blade section. For these tests with the wakes measxared almost 
a chord downstream it was concluded that the wake blockage would be pro- 
portional to the total-pressure loss. To obtain the exact relationship 
the wake blockages of a number of the test wakes were calculated and 
plotted against the integrated total-pressure loss, and the following 
relationship for the wake blockage 8 was Indicated: 



The ideal press\ire rise for the cascade was obtained from the displace- 
ment thickness and isentropic relationships. This ideal value was com- 
pared to the measured pressiore rise to determine the maximum Mach number 
for which the tests are considered two dimensional. 


PRESENTATION OF RESULTS 


The results of the porous -wall cascade tests are presented in fig- 
ures 5 to 52* A list of the cascade configurations tested and corresponding 
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figure nuaibers are tabulated in table 1. For each blade setting, four 
to six pressure distributions representative of the variation of surface 
pressures throu^out the Mach number range tested are given. The down- 


stream static pressure 



is indicated on the pressure distribu- 


tions by the horizontal line at 100-percent chord. The variation of 
turning angle, momentum-loss coefficient, and pressure rise are presented 
in figures immediately following each pressure-distribution figure. 

The limit of two dimensionality of the tests is Indicated by the ver- 
tical line on the section characteristics, figures 5 to 52. Schlleren 
figures 55 to 67 contain five to ei^t representative schlieren photo- 
graphs and are followed by figttt*es showing the variation of turning 
angle, momentum- loss coefficient, and pressure rise obtained in the 
schlieren test. (See table I.) In figures 68 to 75^ turning angle is 
plotted against angle of attack at = O .50 and at critical speed. 

Turning euigles measured in the low-speed cascade tunnel (refs. 1 and 2) 
are also plotted for comparison. In figures j6 to 85 momentum- loss 
coefficients at various constant Mach nijmbers are plotted for the angles 
of attack tested. 




DISCUSSION OF RESUITS 


Turning angles . - Good correlation of turning angle was obtained 
between tests of the 65 -(l 2 Aio)lO blade section made in the low-speed 
cascade (M^ < O.I 5 and Reynolds number = 2k5,000 and k4k,000 in ref. 1) 
and tests made in the high Mach number cascade at M^_ = O. 5 O 

(Reynolds n’umber = 550,000) . Figures 68 to 7 I show the turning angles 
to be nearly equal at these speeds. At critical speed the turning 
angles are essentially unchanged from the = O. 5 O values. (See 

figs. 68 to 7 I-) Ifech number had negligible effect on the turning 
angle of the 65 -(i 2 A 2 ^q ^10 blade section until supersonic velocities 

occurred on the blade surface and mcxnentum losses increased. At speeds 
above critical, tiiming angles decreased due to the lower pressures 
over the blade lower surface cavised by a decrease in the angle of attack 
locally (discussed later) and/or by separation on either blade surface. 
The separation, which may or may not be caused by a shock, reduces the 
blade-row pressure rise and hence reduces the downstream pressiore which 
largely determines the lower surface pressure over the rearward portion 
of the blade. 

The turning angles measured for the 65 -(l 2 A 2 lg^j)lO blade section 

are affected greatly by the unusual highly curved portion of the loaded 
trailing edge of the airfoils. The variation of tiornlng angle with 
Mach number is shown in fig-ures 28 to 52 and the variation of turning 
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angle with angle of attack is shown in figures 72 to 75- ?or the 
65-(l2A2lgt>)-^ blade section the turning angles obtained in the hi^ 

Mach number cascade tunnel at M]_ = O.5O were in agreement with turning 

angles measured at low' speed. Increasing the t^ch number to critical, 
lowered the turning angle as much as in some cases while other tests 
showed no decrease in turning angle. The turning angle usually decreased 
rapidly as the losses increased. 


The jog in the turning angle^ angle-of -attack plots for the 
65- ^12A2I6 d)^^ blade section (figs- 75 to 75) is a result of the shift 

of the minimum pressure and bo'undary-layer transition point from the 
trailing -edge region at low angles' of attack to the leading edge at 
high angles of attack. Low turning angles are produced when the tran- 
sition is near the leading edge because the turbulent boundary layer 
thickens along the blade surface and may separate sooner in the hi^ly 
curved trailing-edge region. A like phenomenon is found in tests of 
isolated airfoils and is discussed in reference 7 - Pressure distribu- 
tions at a = 1.0 (fig- 72) indicate laminar separation 

is occurring ahead of the hi^ly curved trailing edge. 


The highly curved trailing edge of the 


65-(l2A2l8b) 


10 blade section 


is conducive to separation. The extent of the separation and hence the 
turning angle is determined by the reauired pressirre rise and the condi- 
tion of the boimdary layer approaching the curved portion, and resvilts in 
irregular turning -angle variations . 


High-speed loss increase . - Except for angles of attack at which the 
flow is separated at low speed, the momentum- loss coefficient (see 
figs. 5 to 27) increased rapidly for the 65-(12A2 _q) 10 blade section at 

Mach numbers of from 0.75 bo O.85, about 0.05 to 0.10 greater than the 
critical Viach number. This behavior is similar to that of isolated 
airfoils. For the ^^ach numbers at which the momentum loss increased 
the maximum blade surface Mach niombers were betw'een 1-09 £Lnd 1 . 26 . The 
total pressure loss across a normal shock at these Mach numbers would 
not have produced this increase in momentum-loss coefficient. The 
distribution of the losses measured in the total-pressure surveys made 
in the passage behind the blade row indicate the losses originate on 
the blade surface rather than in the passage. Schlieren photographs, 
figures 55 to 59 j indicate increased separation of boundary layer from 
the blade surface. 

The momentum loss for the 65-(l2A2l8b)10 blade section was usually 
greater than for the 65-(12 Aj_q^ 10 blade section because of separation 
of flow from the trailing edge. 
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In figures 76 to 85 nomentiom-loss coefficients at various constant 
Mach numbers are plotted for the angles of attack tested. The useful 
angle-of-attack range is "bordered by high- loss regions. At low speed, 
peaked blade surface velocities at high and low angles of attack result 
in thick and separated boundary layers producing the hi^ losses that 
limit the useful angle-of-attack range. Since higher speeds accentuate 
peaked velocities it was expected that hi^er losses would be measured 
in the angle-of-attack regions having peaked low speed pressure dis- 
tributions. Useful angle-cf -attack range does decrease at higher 
Mach numbers for both blade sections as shown in figures J6 to 85* 

Passage area distribution . - At hi^ speeds the passage area distri- 
bution and minimum throat area determine some important blade operating 
charac tier is tics. For 65 - (l 2 A 2 _ojlO and 6 ?- ^ 12 A 2 l 8 b) 10 blade cascades at 

inlet-air angles greater than 40° the throat area extends from a lower 
surface point very near the leading edge to an upper surface point near 
midchord. When the throat area is less than the upstream flow area 
(see fig. 84), compressibility effects accentuate the throat contraction 
and cause a disproportionate increase of the velocities in the throat 
region. The pressure distribution shows the formation of velocity peaks'^ 
near the leading edge on the lower surface, locally decreasing the 
loading, and near inidchord on the upper surface, increasing the loading. 

A result of this shift of the loading rear’ward is to increase the adverse 
pressure gradient over the rear portion of the upper svtrface and thereby 
increase boundary-layer growth and the tendency to separate. Typical 
examples of the rean/ard shift of loading can be seen in figures 22 
and 47 . At choke the pressure over the upper surface decreases from a 
hi^ value at the leading edge to a minimum at the throat (near midchord) 
while the lower surface pressure at the leading edge is a mlnimimi. 

Hence, the blade sections appear to operate at a lower angle of attack 
at high speed than at low speed. 

For high angles of attack at which the cascade did not choke, the 
upwash and hence the surface pressures in the leading-edge region is 
greatly influenced by the proximity of the upper siarface of the upstream 
blade. Increased interference from the upper surface of the upstream 
blade due to compressibility even at Mach numbers below critical causes 
a decrease in the upwash as Mach number increases. Above critical speed 
the blade-surface shocks terminate a supersonic region throu^ which the 
pressure influences of the rearward parts cannot be propagated and 
thereby eliminate their effect on the flow field ahead of the blades 
and thus decrease the up-wash. Hence, the effective angle of attack of 
the leading edge decreases at hl^ speeds. The effects of this angular 
change can be seen in the pressure distributions of the tests. (For 
example, see fig. 4.) Z^’^ear the leading edge the downsweeping flow 
slightly lowers the velocities on the upper surface and greatly Increases 
the lower surface velocities as Mach nimiber is increased. Evaluation 
of the data at critical speed indicates that the effective angle of 
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attack is 5 - 5 ° lower than at low speeds. Increasing the design angle 
of attack by a comparable amount for hi^-speed operation appears to 
be feasible since the low momentum loss (figs. 76 to 83) indicates this 
angle -of -at tack increase would decrease high-speed losses. This is in 
agreement with the results of most transonic rotor tests which show a 
marked increase in efficiency as the angle of attack is raised 5^ to 4 ° 
above the design point selected from low-speed cascade data. The increase 
in work alone with no decrease in losses would not produce the marked 
increase in efficiency- (For example^ see fig. 11 of ref. 3 -) 

A too rapid increase in the passage area either from the upstream 
stream tube (Ai in fig. 8k) to the throat A^ (usually foijnd at a 
high-air inlet angle^ hi^n angle-of -attack condition), or from the 
throat to just downstream of the throat A2 (usually a high air-inlet 
angle, low angle-of -attack condition) probably causes separation and 
hi^ losses- The occurrence of high losses in the tests contained herein 
cannot definitely be attributed to this cause althoi-igh the 65 -(l 2 Aio)lO 
and 65- (l2A2lgt))lO blade sections did perform poorest at 3 := 6o° and 

a = 1-0, conditions for which divergence of the passage from upstream 
to the throat was maximum. 

For many design conditions, especially at low inlet-air angles, 
the minimum passage (throat) area is critical and may determine a maxi- 
mum entering N 5 ach number or influence blade section and angle -of -attack 
selection- Transonic compressors are designed with particular attention 
given to the ratio of throat to upstream area. Tnroat areas are given 
for the 65-^C2^A2 _q JIO and 65-(C^^A2l3b JIO blade series in figures 85 

and 86 as the ratio of throat area At to spacing (s = Ai/cos 3 l) • 

This ratio divided by cos 3i yields the throat to upstream area 
ratio Aip/Ai which determines the maximum entering Mach number. In 

figures 85 and 86 the threat to spacing area ratio ^ cos 3i is plotted 

Al 

against (32.^°^)^ ^ carpet -plot ting method (see ref. 8) 

for accurate interpolation. Briefly, the carpet plot presented herein 
was made displacing like points of X01 - cl ) and to a horizontal 

scale proportional to the solidity- Thus, to interpolate betv/een 
solidities it is necessary only to fair a line between like points of 
(81 - a) and at the three given solidities and read the line at 

the horizontal distance proportional to the difference between a given 
solidity val\ae and the desired solidity. 

Pressure rise across cascade . - Under ideal conditions the pressure 
rise across the cascade would be controlled by the blade configuration 
and the flow removed throu^ the side wall; however, losses from sepa- 
ration have a large effect on the actioal press\jre rise obtained. 
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Increasing the amount of flov removed throu^ porous side walls normally 
produces a higher pressijre rise across the cascade. As greater amounts ^ 

of flow are removed through the porous wall the pressure rise across 
the cascade increases to a maxlmim and the hlade-STarface boundary layer 
separates to decrease the pressure rise. Thus^ to avoid separation 
many tests, particularly those at hi^ Mach numbers, were made at the 
highest pressure rise condition obtainable, since no two-dimensional 
flow was possible lender these conditions. The pressure rise across the 

Fp - Pi o 

cascade — = = obtained in the tests at M7 = O.60 and O.oO is pre- 

qi j- 

ser.ted in figure 87. The pressure rise for the 65- (iRA^^q jlO blade sec- 
tion shown in figure 87(a) decreased between = O.60 and Mj_ = O.8O 
and is less than the pressure rise of the 65-(12A2l0t,)lO blade section 
at like conditions. Separation limited the pressure rise for the 
65 -^ 12 AiojlO blade section at Pi = 6o° and cr = 1.0 (fig- 87(a)). At 
3 = 45° and a = 1.0 ohe pressure rise also decreases between M]_ = O.6O 
and M;^ = O.8O; however, uhe maximvm pressure rise was not obtained in 
these tests due to insufficient bo'undary- layer removal capacity 
(fig. 87(b)). In figures 87(c) and 87(d) choking in the throat precludes 
high entering i^feich number at low angles of attack; hence, there is a 
decrease in the range of angles of attack at which Mi = O.80 can be • 

attained from zhe range at which Mi = C.60 is attained. A slmilao: 
angle -of -attack shift may be seen in momentum- loss coefficient variation, ^ 

figures j 6 to 83. 


SUMMARY OF RESULTS 


High-speed, two-dimensional cascade tests were made of the WACA 
65 -( 12 A^qJ 10 and the NACA ^ 5- 10 blade sections. From data 

obtained in these tests and in the low-speed tests of the blade sections 
reported in NACA HM L 51 G 51 and NACA RM L 55 I 50 b, the following results 
are summarized: 

(1) Turning angles measured at low speed (upstream Mach number less 
uhan 0.15) for the uniformly loaded NACA. 65- C^^A]_q 10 blade sections are 

sufficiently accurate for design purposes at Mach numbers up t,o critical. 
For the NACA 65- C2 ApISh blade series increasing separation from the 

highly cambered -orailing-edge region may cause the turning angle to 
decrease as much as between upstream Mach number of 0.3 and the criti- 
cal speed, 

(2) The h^-gli-speed performance of NACA 65-^C2 qA.j^qJ 10 and NACA 
65- ^C 1 qApI 3 i^^ 10 blade configuration is largely determined by the pas- 
sage area distribution thrcugh the cascade. 
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(5) The angle of attack for best operation at hi^ I4ach numbers is 
higher than the design angle of attack selected to have pressvire distri- 
butions that are free of peaks at low speeds. 

(4) The angle -of -attack range for low losses at high Wfech numbers 
is less than that at low speeds. 


Langley Aeronautical Laboratory^ 

National Advisory Committee for Aeronautics, 
Langley Field, Va., September 8, 1955- 
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Figure 1.- Cross-sectional view of the Langley 'J-±nch high-speed cascade 

tunnel. 
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(a) Ang'jJ.ar deviation of flow downstream of wall bovindary-layer removal 
slot and upstiream of blade row. p = 6o°. 

Figure 2.- Cascade tunnel calibration. 










Left wall 


Instrument spanwise position, inches 


Right wall 


("b) Spanwise total pressure distribution downstream of wall boundary-layer removal slot 
and upstream of blade row. = 6 o°; = O.50O. 

Figure 2 .- Concluded. 
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(c) M|=.708; 5 = 9.7®. (d) M, = 803; 5=6.9® 

Figure 3 Blade- surface pressure distributions and section chorocteristics 
for the cascade combination. =60®; a- =1.0 ; a =7. I* ; and blode 
section, NACA 65_(12 A|q)10. 
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Ftgure 4 Blade- surfoce pressure distributions and section choracteristics 
for the cascode combrnotion . =60®; CT =1.0 ; a =M.l*; ond blode 

section, NACA 65«(12A|Q)tO. 
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Figure 5 Blade-surface pressure distributions and section choracteristics 
for the cascode combinotion . ;9| =60®;cj-=I.O ;a =14.3* ond blade 
section, NACA 65_(l2A,rt)IO. 
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(a) M[ 1.305; e=22.a® (b) M, =.602; 0s22.6|> 



Percent chord 
(e) M| =.918 ; B =13.5® 

Figure 6 Blade* surface pressure distriDutiens and section choracteristics 
for the coscode combination, =60®; q- =1.0 ; a =17.1^; and blode 
section, N AC A65_(l2A|o^*^- 








C f ) Section choractenstics.Tests ore two dimensional for Moch numbers 
up to the vertical line. The horizontal line indicotes low-speed 
turning angle given in reference I. 


Figure ^ Concluded. 
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Percent chord 
(e) M,s.92l ; 5=15.7®. 


Figure 7 Blode- surface pressure distributions and section characteristics 
for the cascade combination . =60®;crsl0 ;a =20.1®; and blade 

section, NACA 65-(I2 A|q)*0. 
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Figure 8 Blode-surfoce pressure distributions and section chorocteristics 
for the coscade combination. =45®; o* = 1.0 ; a = 70®; and blode 
section, NACA 6 5 - ( I2Ajq ) 10. 
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( e ) Section characteristics. Tests ore two dimensional for Mach numbers 
up to the verticol line. The horizontal line indicates low-speed 
turning angle given in reference I. 
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Figure 8 .— Concluded. 
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Co} M| =.302; Qz\8.ZS 



Percent chord 
Ce) Mi = 75l ; e=l7( 


Figure 9 Blade -surfoce pressure distributions and section characteristics 

for the cQscode combination.^! =45°; o" =1.0 ;a = 10.0^ and Uade 
section, NACA 65-(I2 A^q )10. 
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(a) M| =303; flrZO.a* 



(0) M| =.650 ; e = l9.9^ 



FigurelO Blade-surface pressure distribufions and section charocteristics 
for the cascade combination , /8, =45°‘o' = I.O ;a =l2.0‘^ond blode 
section, NACA 65>{I2 A|q )I0. 
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(f) Section characteristics. Tests ore two dimensionol for Mach numbers 
up to the vertical line. The horizontal line indicates low-speed 
turning angle given in reference I. 


Figure 10 Concluded. 
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Figure II Blade-surface pressure distributions and section characteristics 

for the cascade combination. yS, =45®; o* =1.0 ;a =14.0^ and blade 

section , NAG A 65- (12 A. ^ ) I 0. 
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( e ) Section characteristics.Tests ore two dimensional for Mach numbers 
up to the vertical line. The horizontal line indFcates low^speed 
turning angle given in reference l> 
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Figure II Concluded. 
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( f ) Section characteristics. Tests are two dimensionol for Mach numbers 
up to the vertical line. The horizonfol fine indicates low-speed 
turning angle’ given in reference I . 
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Figure 12 .— Concluded. 
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(a) M| =.300 ; e = 27.6.‘ 
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(e) M|B.78 o; 8-ze.o? 


Figure 13.— Blade- surfoce pressure distributions and section choracteristics 
for the cascade combination 
section , NACA 65- ( f2A 

10 
















{g ) Section charocteristics.Tests ore two dimensional for Mach numbers 
up to the vertical line. The horizontal line indicates low-speed 
turning angle given in reference 1. 


Figure 14 Concluded. 







42 


NACA RM L55I08 




(a) M| =.306; 5 = 16.0* (b) M| =.562; 5= «5.4? 



Figure 15 Blade- surfoce pressure distributions and section characteristics 
for the cascade combination . = 60®; o* = 1.5 ; a = 9.8®* and blade 

section, NACA 65- (12 A,q )I0. 
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(e) Section characteristics. Tests are two dimensional for Mach numbers 
up to the vertical line. The horizontal line indicates low^speed 
turning angle given in reference 1. 

Figure 15 Concluded. 
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( f ) Section characteristics. Tests ore two dimensionol for Mach numbers 
up to the vertical line The horizontal line indicates low-speed 
turning angle given in reference |. 


Figure 17 Concluded. 
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(a) M| =.298; 0=24.2? 



(b) M| =.66f ; 0=23.1® 



Percent chord Percent chord 

(c) M, = .797; 0 = 21.7® (d) M, =.867; 0 = 19.4®. 

Figure 18 — Blade- surfoce pressure distributions and section characteristics 
for the cascade combination . /3| =60°;cr=l.5 ;a =18.8®; and blode 
section, NACA 65 -( 1 2 A|q ) 1 0 . 
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(e) Section charactertsfics. Tests are two dimensional for Mach numbers 
up to the vertical line. The horizontal line indicates low-speed 
turning angle given in reference 1. 
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Figure |8 Concluded. 
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( g ) Section characteristics. Tests are two dimensional for Mach numbers 
up to the vertical line. The horizontal line indicates low-speed 
turning angle given in reference l. 
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Figure 19 Concluded . 


































Percent chord Percent chord 

(c) M,=.656; 0=19-6® (d)M|=.700; 0=17.8®. 

Figure 22.— Blade- surface pressure distributions and section characteristics 
for the cascade combination* =45®,* O' = 1-5 ; a =12.2® and blade 
section, NACA 65_(l2A,^)tO. 











( e) Section characteristics. Tests are two dimensional for Mach numbers 
up to the vertical line The horizontal line indicates low-speed 
turning angle given in reference 1 


Figure 22 Concluded. 
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Percent chord 
(c) M|=.697; 0=23.6? 


Percent chord 
(d) M| = 754; 5 = 23.2*. 


Figure 23-— Blade- surface pressure distributions and section characteristics 
for the cascade combination. /3 =45®; o* = 1.5 ; a =15.2*; and blade 
section, NACA 65_(I2 A|q)IO. 
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( e) Section characteristics. Tests ore two dimensional for Mach numbers 


up to the vertical line The horizontal line indicates low-speed 
turning angle given in reference i. 


Figure 23.— Concluded. 
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Figure 24.— Blode- surface pressure distributions and section chorocteristics 
for the cascade cornbinotion . /3| =45® ; cr = 1.5 Q =t8.2®ond blode 
section, NACA 65,(I2 Ajq)I0 . 
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Figure 25.— Blade-surface pressure distributions and section characteristics 
for the cascade combinotion. /3| =45°;o'si.5 a =20.^ and blade 
section, NACA 65- t i2Aj^ ) 10. 
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Figure 26.— Blade- suffoce pressure distributions and section characteristics 
for the cascade cOmbinotion* /S| =4-5 \jsr 4 1.5 , ot =23.6*J and blade 
section, NACA 6 5-(I2 A|q ) 10. 
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Percent chord 
(e) M|=.793; fi=32.7f 


Figure 27 Blade-surface pressure distributions ond section characteristics 
for the cascade combinotion. : 45°; or =1.5 ; a =256*^ and blade 
section, NACA 65-(I2 A,q )I0. 
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(b) M, = .656; 9 - 11-8®. 



Percent chord Percent chord 

(c) M,=.74I ; 0=10.8? (d) M|=.792; 0= 9.9®. 

Figure 28 Blade- surface pressure distributions and section chorocteristics 
for the coscode combination. ;9| = 60°; c = 1-0 | a = 8.0°; ond blade 
section, NACA 65- ( 12 A 2 X 0 JJ) I 0. 
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(e) M| = 84i; e=127® (f ) M, =.875 

Figure 29.— Blade- surface pressure distributions and section characteristics 
for the cascode combination . =60°; < 7 - zl.O ; a =• 10°; and blade 

section, NACA SB-OZAg Xg^)IO. 
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( g ] Section characteristics. Tests are two dimensional for Mach numbers 
up to the vertical line. The horizontal line indicates low-speed 
turning angle given in reference 2. 
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Figure 29 Concluded. 
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Figure 30 Blade- surface pr 
for the cascade combinatio 
section, NACA 6 5-(f2A2* 








{ f ) Section charactenstics.Tests are two dimensional for Mach numbers 
up to the vertical line. The horizontal line indicates low-speed 
turning angle given in reference 2. 


Figure 30’.— Concluded. 
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Figure 3! Blade- surface p 

for the cascade combinatio 
section, NACA 6 5->(t2A2 


(b) Ml =.696; 0=154 
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(e) M|r.744^ 5^18.9®. (f) M|S.792; 0=20.9". 

FiQure32 Blode~surface pressure distributions and section chorocteristics 
for the cascade comoinatton . /3, =60°;cr=l.0 ;a =19-0'^ and blode 

section, NACA 6 5 - (t2 42 X0 b ) 10. 
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(c) M,=.6II ; 0=13.8*: (d) M, =.67i; 0=lO.9*. 

Figure 33 Blade- surface pressure distributions and section characteristics 
for the cascade combination, /8| = 45°, o" = 1-0 , a = 5.0°, and blade 
section, NACA 65-(l2A2l3|3)lO. 
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(e) M,=-727; e 2 12.6.® 


Figure 34.— Blode-surfoce pressure distributions and section chorocteristics 
for the coscode combination. /Bi =45°' cr = 1-0 ; a = 8.0°; ond blode 
section, NACA 6 5-( IZAg )I0. 
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( f ) Section choracteristics. Tests are two dimensional for Mach numbers 
up to the verticol line. The horizontal line indicotes low-speed 
turning angle given in reference 2 



Figure 34 Concluded • 
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(b) M| s-661 ; 5 = 20.l« 



Figure 35 Blade- surface pressure distributions and section characteristics 
for the coscade combination.^, =45®Jo-=I.O ‘a oll.O^'ond blade 
section, NACA 65-02 A^ Igj^) 10. 
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(c) M|=.763; 5=23.4? 


Percent chord 
(d) M, =.86t ; 9 - 17.1® . 


Figure 36.— Blade- surface pressure distributions and section choracteristics 
for the cascade combination.^, =45®;o'=|.0 ", Ot =14.0*^ and blo'de 
section, NACA 65-( 12 A^ 10- • 



(e) Section characteristics. Tests ore two dimensional for Moch numbers 
up to the vertical line The horizontal line indicates iow-speed 
turning angle given in reference 2. 


Figure 36 Concluded. 
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(e) M|=.8I5; fis23.af (f) M, =.894; fisl8 2*. 








{ g ) Section characteristics.Tests ore two dimensional for Mach numbers 
up to the vertical line The horizontal line indicates low-speed 
turning angle given in reference 2. 


Figure 37 Concluded . 
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(9) Section characteristics. Tests ore two dimensional for Mach numbers 
up to the verticol line. 


Figure 39 Concluded . 
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(b) Mt =. 555 ; 5 = 157* 



Percent chord Percent chord 

(c) M|=,608-; 5=15.9* (d) M|=.660; 5 = 12.8*. 

Figure 41. — Blade- surface pressure distributions and section characteristics 
for the cascade com bi not ion • - 60°; o’ = 1.5 ; a =10.5°; and blade 

section, NACA 65-112 Ag Ig|jj)IO. 
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Figure 42.— Blade- surface pressure disfribufions and section characteristics 
for the coscode combinatron . =60 ; o" = 1.5 ;a =15.5®; ond blode 

section, NACA 65- (l2AgIgjj )io. 
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Ce) Mj = 914; fl=279®. 

Figure 45.— Blode-surface 
for the cascode combination 
section, NACA 65-02A2X^ 





.2 


.6 


.8 


M| 


1.0 


(g) Section characteristics. Tests are two dimensional for Mach numbers 
up to the vertical line. 


Figure 4 5.— Concluded 
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(a) Ml = .308; 5 = 19.5®. 



(b) M, = 466; 5 = 17.9®. 



Figure 46.— Blade- surfoce pressure distributions and section characteristics 
for the cascade combination . ;5| =45®;<r=l.5 ; a =7.5®; and blade 
section, NACA 65-( 12 A^ 10. 
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(c) M|= 572; 0 = 20.8® td) M|=.665; 0 = 16.0®. 


Figure 47.— Blade- surfoce pressure distributions and section characteristics 
for the cascode combinotion. =45®; or =1.5 \a =10.5®; ond blode 
section, NACA 6 6-( laA^Igi^) 10. 
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(c) Ml-- .661 ; 5=24.3“ (d) M, = .713; 5 = 20.1“. 

Figure 46.— Blade- surfoce pressure distributions ond section characteristics 
for the cascade combinotion . =4 5°;cr=l.5 ;a =13.5®,* and blode 

section, NACA 65- ( I2A^I _ . ) /O. 
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(c) M,=752 ; 5=267“ (d) M, =786; 5=22.5“ 

Figure 49.— Blade- surface pressure distributions and section chorocteristics 
for the cascade combination. /Sj = 4 5°; o" =1.5 ; Q al6.5°; and blade 
section^ NACA 65-(/2A_I^J 10. 
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( e ) Section characteristics. Tests are two dimensional for Mach numbers 
up to the vertical line. The horizontal line indicates low-speed 
turning angle given in reference 2. 


Figure 49 Concluded. 
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Figure 50.— Blade- surface pres 

for the cascade combination . 

section, NACA 65-(!2A.I„. 
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Figure 51 Blade- surface pressure distributions and section chorocteristics 
for the coscade combination 0^ =45°, o’sl.S ,a =22.5° and blade 
section, NACA 65-(l2A„X„,_)l 0. 
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Figure 52 Btode- surface pressure distributions and section cho roc teri sties 
for the coscode combination = 45®^ CT = 1-5 , a =25.5° ond blode 
section, NACA 65-{l2AoIoJiO. 
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{ f ) Section characteristics. Tests are two dimensional for Mach numbers 
up to the vertical line. The horizontal line indicates low-speed 
turning angle given in reference 2 
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Figure 52 .— Concluded 
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L-901J.91 

rare 53-- Schllsren photographs and olade-section characteristics for 
a range of Mach numbers. Cascade of NACA 65-(12 Ai.q) 10 compressor 
blades. ,3 = 60°; a = l.Oj and a = 9*3°« 
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(h) Section characteristics. 


Figure 53 Concluded* 
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Figure 54 Concluded. 
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Figure 55 Concluded* 
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Figure 56 Schlleren photographs and olade-section characteristics for 
a range of ^4ach ntjmbers. Cascade of NACA 65-(12 Aq_q) 10 compressor 

blades. 3 = a = 1.5# ss,nd a = 8.5°* 
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( f ) Section characteristics. 


Figure 56 Concluded. 
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( f ) Section characteristics. 


Figure 57 Concluded. 
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Figure 59 Concluded. 
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Figujre 61 .- Schlieren phonographs and blade -sect ion characteristics for 
a range of Mach n-jmbers. Cascade of NACA ^5- ^ 12 A 2 l 0 Q^ 10 compressor 
blades, p = 60 ^; a = 1 . 0 ; and a = 11 . 0 ^. 
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( i ) Section characteristics. 


Figure 61 Concluded- 
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( h ) Section choractenstics. 
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Figure 62 .— Concluded. 
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(g) Section choracterist.es. 


Figure 64 Concluded. 
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(a) M = 0609 


(b)M|= 0.656 




(c) M|= 0,720 


W) M=0.736 



(e) M|=0.739. 


L-9050l|. 

Figure 66.- Schlieren phonographs and blade-section characteristics for 
a range of Mach numbers. Cascade of NACA 65-(l2A2l3)3^10 compressor 
blades. 3 = 45 °; a = 1.5; and a = 16.5°. 
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(e) hy!,= 0.843 


(f) Mr 0.846 
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Figure 67*- Schlieren photographs and hlade-section characteristics Tor 
a range of Macli numbers. Cascade of NACA 65-(l2A2lg.^^l0 compressor 

blades, p = 45°; o = 1-5; and a = 20.5°* 
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Figure 71-- Comparison of burning angles at high and low speeds for NACA 65-(12 Aj_q^ 10 blade section 
at = ^1-5° and a = 1-5- Arrow shows low-speed design angle of attack. 
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Figure 73*” Comparison of turning angles at high and lo¥ speeds for NACA 65 -( 12 Apl 0 |j^lO blade sec 
tion at B, s 45° and a = 1.0. Arrow shows low-speed design angle of attack. 
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Figure 7^*- CoKparison of turning angles at high and low speeds for 
NACA 65 - (l 2 A 2 l 5 jj)lO "blade section at = 60° and a = 1.5* 

Arrow shows low-speed design angle of attack. 
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Figure 75.- Conparlson of tijrning angles at high and low speeds for 
NACA 65 -ri 2 A 2 l 8 'b)lO "blade section at = ^5° a = 1.5. 

Arrow shows low-speed design angle of attack. 
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Figure j6.- Variation of moraentun loss with angle of attack at constant 
i^ach number for 5ACA 65-(12A]_q)10 blade section at = 6o° and 

a = 1.0. Arrow shows low-speed design angle of attack. 














;ure 78 .- Variation of Kcmentum loss with angle of attack at constant 
l^iach number for NACA 6p- (12 A-j^q^ 10 blade section at = 60° 

and cr = 1.5- Arrow shows low-speed design angle of attack. 
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Figure 8 l.- Variation of momentum loss with angle of attack at constant 
Mach number for KACA 65 - (l 2 A 2 l 3 -^ 3 )lO blade section at = 45° 

and cr = 1.0. Arrow shows low-speed design angle of attack. 
















Figure 85.- Throat-area carpet plot of NACA compressor blade-section 

cascade configurations. 

(a large working copy of this chart may be obtained by using the request card 
bound in the back of the report.) 
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Figure 86.- Th^o^JLt-area carpet plot of NACA 65- ^C^^A2l8bj 10 compressor blade-section 

cascade configurations. 

(a large working copy of this chart may be obtained by using the request card' 
bound in the back of the report . ) 
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Figure 87 .- Static-pressure rise measured across cascades on NACA 65(12 A^q^ 10 
and 65 - (l 2 A 2 l 3 i 3 jlO compressor blades at Mach numbers of 0.6 and 0.8. 
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